The development of new design approaches for biomedical applications using conventional and well accepted bio inert materials is an actual challenge. This study proposes a bilayered materials design approach obtained by hot pressing and is concerned with the influence of sintering pressure on the interface reaction between titanium alloy (Ti6Al4V) and zirconia (ZrO 2 ), on density and mechanical properties of the Ti6Al4V-ZrO 2 . For this purpose, different sintering pressures were studied (P = 5, 20 and 100 MPa). Bilayered materials were produced by hot pressing process, at T = 1175°C. Microstructural characterization showed that Ti6Al4V reacts with ZrO 2 (for P≥20 MPa) and that the interface reaction is strongly dependent on pressure. Additionally, an oxygen-deficient ZrO 2 − x black zirconia layer was obtained for specimens produced at P = 20 and 100 MPa as result of decreased O/Zr ratio due to Ti diffusion into ZrO 2 side. Young's modulus and hardness properties were evaluated by nanoindentation test. The results showed that these properties are influenced by sintering pressure, increasing with an increase on sintering pressure, with the highest improvement for specimens produced at higher pressure.
H I G H L I G H T S
• This study proposes a bilayered materials design approach obtained by hot pressing for biomedical applications.
• The effect of sintering pressure on chemical composition and mechanical properties (namely H and E) was studied.
• Interface reaction and mechanical properties are strongly dependent on sintering pressure.
• The highest hardness and modulus were found for materials produced at P=100 MPa.
• An interesting blackening phenomenon on ZrO 2 layer was described and discussed in light of the variation of O/ Zr ratio.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Titanium and its alloys are very attractive materials for aerospace and chemical industries due their distinct mechanical properties such as high specific strength (strength to density ratio) [1] [2] [3] [4] , corrosion resistance [1] [2] [3] [4] [5] and strength at relative high temperature [4, 6] . Additionally, since Branemark's discover these materials are widely used for biomedical applications such as orthopedic and dental applications due to their low weight [5] , biocompatibility [2] [3] [4] [5] and ability to osseointegrate [4, 5] associated to their mechanical properties (toughness and fatigue strength) [7] .
Regarding dental rehabilitation, the well documented beneficial results make titanium the gold standard material for the replacement of missing teeth [8] . However, one of drawbacks when using titanium and its alloys is the possibility of metallic ions release, causing hypersensitivity reactions [9] .
Zirconia (ZrO 2 ) is a very attractive ceramic for biomedical applications (such as dental implants and ball heads of femoral implant) due to its high resistance and flexural strength, wear resistance [10] , thermal shock resistance [10] , biocompatibility [11] and low affinity to bacterial colonization [12, 13] .
In order to take advantage of both titanium and zirconia, a materials design with zirconia coatings have been used for coating titanium substrate to improve the tribological properties [14] and osteointegration [15] . However, due to shear stresses during implantation or operation, these coatings can be detached from metal surface and thus compromising the function of application. With the development of biomaterials science and industry technology, zirconia was proposed as a new material for hip head replacement and later for dental implants (due to its toothlike color) instead of titanium. However, ceramics are known to be sensitive to shear and tensile loading which imply a high risk of fracture [8] .
In this context, the development of Ti6Al4V-ZrO 2 bilayered materials produced by hot pressing seems to present an advantageous and original combination of materials and process for biomedical applications to surpass the disadvantages of the current solutions.
In the past decades, several studies have been conducted investigating the interfacial reaction between pure Ti and ZrO 2 [16] [17] [18] [19] [20] [21] [22] [23] . Many of these studies performed at elevated temperatures indicated that distinct reaction layers can be formed at the interface. Furthermore, these studies indicated that oxygen-deficient and blackened ZrO 2 was formed as result of oxygen dissolution into Ti. Lin and Lin [24] studied the diffusional reaction between Ti and ZrO 2 at different temperatures (1100, 1300, 1400 and 1550°C). They reported that interface is strongly dependent on temperature and that at T = 1100°C the limited reaction resulted in t-ZrO 2 − x. Lin and Lin [23] studied ZrO 2 -Ti composites produced by hot pressing, for thermal barrier graded materials, reporting that at higher sintering temperatures (1500°C), Ti reacts with and is mutually soluble in ZrO 2 , resulting in the formation of oxides (such as α-Ti(O, Zr), Ti 2 ZrO and/or TiO) which is dependent on Ti/ZrO 2 ratio. Teng and coworkers [25] describe that a phase transformation of zirconia (from tetragonal to monoclic) was found with increase of Ti volume fraction in the composites. Similar results were obtained by Lindong Teng and co-workers [26] . Furthermore, Correia et al. [18] studied the microstructure of diffusional zirconia-titanium and zirconia-Ti6Al4V alloy joints, reporting that at higher temperatures (T N 1300°C), a weak oxide layer is developed from the direct ZrO 2 -Ti joints.
Another study conducted by Teng et al. [25] described that no reaction product was formed between Ti and ZrO 2 , and that interface bonding state is physical, for Ti-ZrO 2 interfaces fabricated by hot pressing.
Even though extensive studies were carried out on the interface reactions, the pressure effect on the microstructure evolution (including blackening phenomenon on ZrO 2 ) and mechanical properties (hardness and Young's modulus), at T = 1175°C, for solid-state Ti6Al4V-ZrO 2 materials produced by hot pressing, were not studied to date.
Regarding this processing technology, a hot-pressing method was used because it allows the manufacturing of near-net-shape products with near full densification, therefore eliminating finishing operations [6] .
Materials and methods
Materials
In this study, Ti6Al4V alloy spherical powder (TLS Technik GmbH & Co. Spezialpulver KG) with average particle diameter of 45 μm and commercial Yttria-stabilized zirconia (3Y-TZP) powder with uniform dispersion of 3 mol% Yttria (Tosoh Corporation) constituted by spherical granules (having an average diameter of 60 μm) of much smaller crystals that are about 40 nm in diameter. The chemical composition of titanium alloy and zirconia are presented in Tables 1 and 2 , respectively. Scanning electron microscopy (SEM) images of Ti6Al4V and 3Y-TZP (in agglomerate form) powders are presented in Fig. 1a ) and b), respectively. Fig. 2 shows Ti6Al4V and 3Y-TZP powders size distribution (according to manufacturer), showing that 90% of the Ti6Al4V and 3Y-TZP powders have a diameter below 47.64 μm (Fig. 2a ) and 90 μm (Fig. 2b) , respectively.
Fabrication of Ti6Al4V-ZrO 2 bilayered materials
Ti6Al4V-ZrO 2 bilayered (metal-ceramic) materials were produced by powder metallurgy (PM) process, namely hot pressing (HP), under vacuum (10 −2 mbar) at different conditions, being shown along with respective sample codes in Table 3 . The samples processed at varying pressures have been marked as TZ-P, followed by the respective pressure value. The sintering temperature (T = 1175°C) was chosen based on previous works concerning Ti6Al4V produced by hot pressing and also taking into account the near full densification of ZrO 2 and the reaction between Ti and ZrO 2 . Regarding the Ti6Al4V sintering temperature, there are some studies that reported near full densification at T = 1100°C using hot pressing [4, 6, 26, 27] . In case of ZrO 2 , higher sintering temperatures (T = 1350-1550°C, according to supplier -Tosoh Corporation) are required for conventional sintering processes. However, when using pressure (as in hot pressing), it is possible to compensate temperature with pressure, thus allowing to sinter at lower temperatures. Bernard-Granger et al. [28] reported full densification (99.5%) of ZrO 2 at T = 1150°C, during 15 min, using 100 MPa. Concerning the reaction between Ti and ZrO 2 , Teng et al. [10, 25] studied thermodynamics and microstructure of Ti-ZrO 2 metal-ceramic functionally graded materials produced by hot pressing under the temperature range 1200-1400°C, and they reported that no obvious reaction between Ti and ZrO 2 was found. The titanium alloy powder was placed inside graphite mould (painted with ZrO 2 in order to prevent carbon diffusion to specimen). Then, the zirconia powder was applied onto titanium powder and sintered by means of pressure-assisted sintering process (HP), using a high frequency induction furnace, as schematically represented in Fig. 3 . The mould was placed inside the chamber, where both pressure and temperature were increased till reaching the targeted values. These conditions were maintained during dwelling stage. Then, the samples were cooled till room temperature at cooling rate of 15°C/min, without pressure. All obtained samples had average diameter of 8 mm.
After sintering process, the Ti6Al4V-ZrO 2 bilayered specimens were cut and there cross sections polished.
Microstructural and chemical characterization
Selected samples were sectioned and polished for microstructural characterization by means of Scanning Electron Microscopy (SEM) equipped with an Energy Dispersive Spectrometer (EDS). X-ray diffraction (XRD) analysis was performed for phase identification (crystalline structure) using a Bruker AXS D8 Discover diffractometer with a Cu-Kα radiation (λ = 1.54,060 Å). The 2θ was measured from 20°to 85°with a stepsize of 0.04°and a steptime of 1 s.
XPS analysis
X-ray photoelectron spectroscopy (XPS) was performed to study the changes of the bonding environment of Zr and O at the zirconia layer. The chemical composition of 6 samples was examined by XPS surface measurements. The C1s, O1s, Zr3d and survey spectra were recorded using a Kratos Axis-Supra instrument. Monochromatic X-ray source Al Kα (1486.6 eV) was used for all samples and experiments. The X-ray Monochromatic spot is 500 mm Rowland circle diameter and the residual vacuum in the analysis chamber was maintained at around 9 × 10 −9 Torr. The samples were fixed to the sample holder with double sided carbon tape. The binding energies (BEs) positions were referenced to the C1s on unsputtered surfaces. Charge referencing was done by setting the binding energy of C1s photo peak at 285.0 eV C1s hydrocarbon peak. Furthermore, an electron flood gun was employed to minimize surface charging (charge compensation). The atomic concentrations were determined from the XPS peak areas using the Shirley background subtraction technique and the Scofield sensitivity factors. 
Density evaluation
The density of the obtained samples was measured through image analysis by means of ImageJ software. In this context, a threshold filter was previously applied by means of Adobe Photoshop software in order to obtain black and white images. The black areas represent the pores while white area consists to the densified area. For each sample, six different zones were analyzed and the densified area was calculated. The average results for each condition are designated as relative density (%).
Nanoindentation tests
The hardness (H) and Young's modulus (E) of the Ti6Al4V-ZrO 2 samples were measured in cross section by means of a nanoindenter equipment (NanoTest -Micro Materials), using a Berkovich diamond indenter type. A line of indentations (with a 20 μm between each indentation) was made to a maximum load of 120 mN. Hardness and elastic modulus profiles were obtained across metal-ceramic zone from the load-displacement curves. The Young's modulus (E) of materials (Ti6Al4V and zirconia) was calculated by using Eq. (1) [29] .
where E i and ν i are the elastic modulus and Poisson ratio of the diamond indenter, respectively. E i = 1141 GPa and ν i = 0.07 Fig. 4A) , B) and C) show a schematic representation of the produced Ti6Al4V-ZrO 2 bilayered materials revealing a blackening effect on zirconia layer with increasing pressure. Furthermore, a decrease of sample height with increasing sintering pressure can be observed, indicating a higher densification level for higher pressures.
Results and discussion
Microstructural and chemical characterization
Similar to conventional sintering processes, HP sintering is comprised by four stages: activation and rearrangement of particles, connection of particles, growth of sintering neck and bulk deformation [30] . The only difference is that HP is a sintering method that involves the application of mechanical pressures with heating to accelerate densification.
According to Munir and co-workers [31] , the effect of pressure on sintering of Ti can be divided into intrinsic and extrinsic effects. The intrinsic effects involve diffusion-related material transport, viscosity flow, plasticity transformation, and creep process, while the extrinsic effect of pressure corresponds to a particle rearrangement and collapse of particle agglomerates.
Regarding the effect of pressure on ZrO 2 densification, BernardGranger and co-workers [28] reported two mechanisms (based on densification law derived from creep rate equations and TEM analysis) that can be invoked during densification of the powder using HP, whatever the temperature: for high effective pressures (such as P = 100 MPa), densification proceeds by grain boundary sliding accommodated by grain boundary diffusion of the Zr4 + and/or Y3 + cations; and for lower effective pressures (such as P = 5 MPa), densification proceeds by grain boundary sliding accommodated by an in-series (interface-reaction/lattice diffusion of the Zr4 + and/or Y3 + cations) mechanism controlled by the interface-reaction step. Regarding specimens produced at P = 5 MPa, porosity is visible, especially in the zirconia layer. When comparing the micrographs of TZ-P20 with TZ-P5, a decrease in porosity is achieved. For TZ-P100 specimens, a great improvement in densification occurred assessing the effectiveness of the hot pressing process for the production of these materials.
SEM-EDS line scans were carried out by EDS, and the scan regions are shown in Fig. 4(J-L) , revealing that inter-diffusion of some elements occurred between the two materials. Elements constituting the titanium alloy (e.g. Ti, Al and V) were found in the vicinity of the interface (especially Ti). Regarding vanadium (V), no significant diffusion was found. On the other hand, Oxygen (O) of ZrO 2 was the one that most diffused. A remark should be made relatively to aluminum (Al) concentration at the interface zone of TZ-P100 (Fig. 4L) . It is possible to see that there was a greater diffusion of Al (reaching ≈20 at.%) using P = 100 MPa, when compared to diffusion at lower pressures (reaching ≈10 at.%). Fig. 4 (J-L) also shows that interface reaction between Ti6Al4V alloy and the ZrO 2 took place for samples sintered at P = 20 MPa and P = 100 MPa. Regarding 5 MPa, no significant interface reaction zone was found. Furthermore, from Fig. 4(G-I) it is possible to see that the reaction between titanium alloy and zirconia strongly depends on pressure. Furthermore, the extent of the interface reaction changed and increased with pressure increase (≈2 μm for TZ-P20 and ≈26 μm for TZ-P100). In TZ-P20, a monophasic and discontinuous interface layer is formed, while in TZ-P100 different reaction zones (different phases) can be observed. Table 4 shows the results obtained by EDS analysis, performed in the interface zones of TZ-P20 and TZ-P100. When comparing reaction zone of TZ-P20 (marked as A in Fig. 4H ) with reaction zones of TZ-P100 (marked as B, C and D in Fig. 4I ), it is possible to see that a great amount of oxygen is presented at the interface reaction zones of TZ-P100 specimens (especially B and D zones), when compared with TZ-P20 specimens (A zone), indicating higher reduction of ZrO 2. Furthermore, a greater Al content (see Table 4 ) was found for darker zones (D zone).
As it is known, the interface reaction has an important role in the structure and mechanical properties. An insufficient interface diffusion can result to a poor interfacial bonding. With pressure increase the diffusion of elements increase as well as the extent of reaction. Depending on products reaction, the interface formed can improve mechanical properties of materials or be detrimental. XRD analysis (see Fig. 5 ) were performed at the interface zone of TZ-P100 specimens (greater extension of reaction) to evaluate the possible formed phases and thus predict the behavior of interface. The results showed hexagonal Ti and tetragonal ZrO 2 peaks and no peaks of titanium oxides were found. Considering that it is possible to control the interface reaction by controlling the pressure and by this way tailor the properties of materials for a specific application, further characterizations of interface (such as shear bond strength) are being performed by the authors. 
Table 4
Chemical composition (in wt.%) interface of TZ-P20 (marked in Fig. 4H) ) and TZ-P100 (marked in Fig. 4I) Fig. 5 . XRD spectra of TZ-P100 interface zone.
Blackening phenomenon of ZrO 2
A change in color of ZrO 2 (from white to gray black) was observed when sintered with Ti6Al4V. This observation is in line with other study regarding zirconia to Ti6Al4V braze joint for implantable biomedical device [32] . The blackening effect depends on the applied pressure (considering the same temperature and dwelling time). An interesting observation is that this color change or blackening effect starts in the interface zone (direct contact with Ti6Al4V), as can be seen from Fig. 4A .
Some studies [16, 17, 19] regarding interfacial reactions between molten Ti and ZrO 2 have shown that ZrO 2 can be partially reduced to ZrO 2 − x by Ti through the formation of oxygen vacancies on the zirconia structure (schematically represented in Fig. 6 ). Since the diffusivity of oxygen (O) in Ti is much faster than that of zirconium (Zr) and Ti has a great affinity with O [16] , an oxygen deficient Zirconia accompanied by a dark gray color can be formed [16, 19] . Although a small interface extent was formed (maximum 26 μm), a color change was observed in the entire layer.
Contrarily to other studies [16] where a transformation phase of ZrO 2 with oxygen content reduction (Black zirconia) was reported, in this work it is possible to conclude from XRD pattern (Fig. 7) for TZ-P5, TZ-P20 and TZ-P100 (performed at the ZrO 2 layer) that the structure of ZrO 2 after sintering (Black zirconia) is not affected by blackening phenomenon, once that no transformation phase occurs.
According to the application, the color of the ZrO 2 can be decisive for the use or not of this material. For example, white ZrO 2 is required for dental applications (where aesthetic properties are very important) while for hip prostheses blackened ZrO 2 can be accepted. In order to support explanation of blackening phenomenon conducted by XPS analysis and thus find ways to prevent it, a thermal treatment at 800°C during 1 h with a heating rate of 5°C/min was performed in TZ-P100 samples (where color change was observed in the entire layer). Photograph images of samples before (designated as Black ZrO 2 − x ) and after thermal treatment (design as White ZrO 2 ) are shown in Fig. 8 . As can be seen from Fig. 8 , when the Black ZrO 2 samples are heated in air (i.e. temperature and oxygen), zirconia becomes white. At same time, as expected, during this treatment Ti6Al4V is exposed to ambient air and oxidizes (although not desired).
Additionally, X-ray photoelectron spectroscopy (XPS) was performed in order to study the alteration of the bonding environment of Zr and O at the surface of ZrO 2 samples with black and white colorations. The high resolution XPS spectrum of Zr 3d region of Black ZrO 2 ( Fig. 9A 2 ) present two bands 181.2 and 183.5 eV which are in accordance with bands at 181.3 and 183.6 eV of White ZrO 2 (Fig. 9B 2 ) corresponding to 3d electrons of suboxides Zr (4 − x)+ [33] . Similarly, to other reports, none of the samples present any indication for the presence of metallic Zr (~178 eV) [34, 35] . Moreover, the regions spectra of White ZrO 2 sample show, in addition to suboxides, also ZrO 2 contribution, probed by the two more bands appearance which are related to Zr 4+ electrons [33] . This is in accordance with the high-resolution O1s XPS region spectrum. On deconvolution of this spectrum (Fig. 9B2 ) it is resolved into three distinguishable bands centered at 530.6, 532.7 and 535.1 eV, corresponding to the oxygen involved on sub-oxides and oxides formation.
Taking into account the quantification data included in Table 5 , it is possible to confirm that the thermal treatment of the samples promoted differences in the chemical composition at the sample surface revealed as an increase of the oxygen content into the sample, which are in accordance with the XPS spectroscopic data. From these results, it is possible to conclude that during sintering process ZrO 2 becomes black as result of the variation on oxygen content in ZrO 2 due to the diffusion of Ti. This information is in line with heat treatment explanation.
Additionally, based on results obtained by Jiang and co-workers [32] for an implantable medical device where blackening phenomenon was reported, it is expected that the biochemical properties of ZrO 2 is not be affect by blackening phenomenon.
Density
The density was evaluated for three different Ti6Al4V-ZrO 2 sintering pressures (TZ-P5, TZ-P20 and TZ-P100). Fig. 10 shows the relative density as a function of sintering pressure.
Analyzing Fig. 10 , relative density values increase with increasing pressure for both materials. From P = 5 MPa to P = 20 MPa, a slight increase on density is observable for Ti6Al4V, while an expressive gain is obtained for ZrO 2 . For higher pressures, a slight increase on density was obtained for both materials (metal and ceramic). Furthermore, for a similar pressure Ti6Al4V presents higher densification values when compared with ZrO 2 , indicating that the pressure has a great influence in density for ceramic material.
Additionally, it can be seen that relative density values reached at P = 20 and P = 100 MPa are very similar for both materials since they vary between 98.5% and 99%. Therefore, it seems that hot pressing process could be used to produce fully dense Ti6Al4V-ZrO 2 materials.
Nanoindentation
Nanoindentation tests were performed to assess the influence of sintering pressure on mechanical properties, namely hardness and Young's modulus of Ti6Al4V-ZrO 2 bilayered materials. Fig. 11(a) shows load-displacement curves and correspondent measured values (Fig.11(b) ) for TZ-P100. The same approach was done for P = 5 MPa and P = 20 MPa. It is known that the size of penetration depth is related with hardness of each material. Regarding the load-displacement curves for Ti6Al4V-ZrO 2 bilayered, all of them presented the highest penetration depths and lower slopes for titanium when compared to zirconia, as expected due to ductility of titanium alloy. Table 6 displays average H and E test results as function of the tested pressures (5, 20 and 100 MPa). Table 6 shows the increase of the H and E measured values (for both materials) with increasing sintering pressure, meaning that these mechanical properties can be improved by using higher pressures.
Concerning the comparison between the ZrO 2 and Ti6Al4V materials, it can be noticed that the effect of higher pressures on H and E seems to be higher for zirconia compared to titanium alloy, which is most probably correlated with the adequate sintering temperature for each material. The melting temperature of Ti6Al4V and ZrO 2 are 1604-1660°C and 2715°C, respectively. At 1175°C (approximately of 0.8 of melting point) Ti may undergo plastic deformation even at low pressures, while zirconia requires higher pressures to deform and consolidate, once this temperature is below of adequate sintering temperature.
As shown in Table 6 , the obtained hardness and Young's modulus values of Ti6Al4V (for all tested pressures) are higher compared to the literature values assessed by other means than nanoindentation [6, 9] probably due to the dissolution of oxygen and/or the titanium oxidation that was originated from ZrO 2 layer [16] . This observation is in line with the results reported by Correia et al. [18] .
Ti6Al4V is a (α + β) two-phase alloy. However, this structure can be changed according to process used to produce samples (which includes temperature, pressure, time and cooling rate). It is known from literature [36] that the microstructure and mechanical properties are greatly influenced by the cooling rate. Ahmed and co-workers [37] studied phase transformations during cooling in α + β titanium alloys and they reported that the results of phase transformation of α + β titanium from elevated temperature vary with cooling rate (from 525 to 1.5°C/s). They also reported that cooling rates between 1.5°C/s and 20°C/s induce the transformation of β phase to α phase. According to Esmaily et al. [36] , when faster cooling rates take place, a significant improvement of the tensile strength and hardness of Ti6Al4V alloy can be attributed to the presence of martensitic phase. The produced samples experienced a lower cooling rate of (15°C/min = 0.25°C/s), indicating that the hardness values were not significant affected by the cooling rate. This observation is in accordance with results reported by [36] .
Additionally, the elastic modulus measurement by nanoindentation depends on the selection of the location of the indentation in the microstructure and the size of the microstructural constituents at nanoscale. An inhomogeneity in the microstructure can lead to a considerable variation [38] . This aspect can also explain the enhancement in this material modulus.
Regarding ZrO 2 , as seen in Table 6 , the results demonstrate that the hardness and Young's modulus of ZrO 2 sintered at P = 100 MPa (considering near full densification) are similar to the literature reported values [39, 40] , while for lower pressures the obtained values are lower.
Conclusions
From the present study, the following conclusions can be drawn:
• This study confirms that hot pressing process could be used to produce fully dense Ti6Al4V-ZrO 2 materials.
• Chemical composition and mechanical properties (hardness and Young's modulus) showed to be strongly dependent on sintering pressure. It was demonstrated that by increasing the sintering pressure, a reaction zone between Ti6Al4V alloy and ZrO 2 as well as a color change on ZrO 2 were found. Furthermore, an improvement in H and E is attained by increase pressure.
• XPS results proved that during sintering process, ZrO 2 was reduced to oxygen-deficient zirconia (ZrO 2 − x ). Furthermore, an increase on the content of oxygen in ZrO 2 in order to obtain white ZrO 2 can be attained by a thermal treatment. 
